We demonstrate an ultralow sample volume optical carbon monoxide sensor with detection sensitivity of 180 parts in 10 9 (1σ at 1 Hz). The utilization of a 2:3 μm surface-emitting laser directly coupled to a 3 m hollow capillary fiber as the gas cell is proven to be a compact, sensitive, and cost-efficient gas sensing concept. By mechanical vibration of the fiber, an absorbance resolution of 10 −5 is achieved, which is comparable to single-reflective (double-pass) cells. An improvement of sensitivity over the conventional single-reflective cell is thus approximately linearly scaled with the enhancement of the optical path length, which is usually more than 1 order of magnitude.
Tunable diode laser absorption spectroscopy (TDLAS) based gas sensors have unique advantages such as the lowest possible cross-sensitivity, long-term stability, and nearly fail-safe operation. TDLAS gas sensors using gas permeable fibers as both the gas "pipe" and optical waveguide are very attractive because fibers greatly extend the optical path length compared to conventional single-reflective (i.e., double-pass) gas cells. This is also possible without extending the sensor dimension, because the fiber can be wound up with diameters in the 10-20 cm range. Compared to multipass cells, where longer optical path lengths are achieved by applying multiple reflections on the mirrors on both ends of the cell, e.g., the Herriott cell [1, 2] or White cell [3] , the sample volume is reduced by several orders of magnitude for the fiber sensor and the alignment is much simplified.
CO is a trace gas and affects human health whenever present in ambient air due to its toxicity. Furthermore, it is the most prominent gas to be detected for gas sensor based fire detection [4] . Applying the recently developed 2:3 μm vertical-cavity surface-emitting lasers (VCSELs) [5, 6] , an absorption line in the first-overtone band of CO is sampled, which is approximately 160 times stronger (peak absorption coefficient α peak ≈ 0:43 cm −1 ) than its second overtone band at 1:5 μm (α peak ≈ 0:0027 cm −1 ). Utilizing a 10 cm single-reflective cell, a sensor resolution of 3 parts in 10 6 (ppm) (1σ at 1 Hz) is already achieved at 2:3 μm [7] . Using a 3 m hollow fiber, a sensitivity improvement of a factor of 30 is expected. Possible applications are reliable fire detection, safety monitoring, and breath analysis.
In this Letter, a hollow glass waveguide is used for the detection of carbon monoxide (Type HWEA7501200, Polymicro Technologies). Light guiding is achieved by reflection on the Ag/AgI coating on the inner surface of the fiber. The fiber was originally developed for high-power light transmission in the mid-infrared (MIR) range where conventional fibers cannot be used. The AgI coating has a thickness of 0:3 μm for a minimal loss at a wavelength of 2:94 μm. The fiber has 1:2 ml volume, a length of 3 m, and an inner diameter of 750 μm [8, 9] . Fibers up to 13 m in length are commercially available.
In Fig. 1(a) the design of the fiber based CO sensor is shown. Because of the low divergence of the VCSEL emission (FWHM: 10°-20°), direct in-and outcoupling to the fiber (measured FWHM: ∼10°) is employed. This enables a robust and miniaturized sensor design, because additional coupling/focusing elements are avoided and possible optical interferences caused by parallel optical surfaces are eliminated. Compared to multipass cells, almost no adjustments have to be made. By using adjacent absorption lines of methane, which is filled in the photodetector housing (Fig. 2) , the wavelength scale is calibrated inherently without using an external reference cell. In [7] this was introduced for a single-reflective cell. Furthermore, it enables simultaneous tracking of the position of the CO line and determination of the linear and quadratic current tuning coefficient of the laser.
The sensor resolution in terms of concentration c res (mixing ratio) is given by
where α is the absorption coefficient (unit: 1=m), which is an intrinsic property of the gas species. L is the interaction length between light, and a res (unit: 1) is the measurement absorbance resolution, i.e., the smallest detectable fraction of light absorbed by the gas. When the absorption line to be detected is chosen, the concentration resolution c res is basically given by the ratio between a res and L. Both a res and L are sensor properties. Some gas/liquid sensing experiments with hollow fibers have been reported so far for MIR sensing using coupling elements such as objectives or off-axis parabolic mirrors [10] [11] [12] . However, the empty cell transmission is nonsmooth, which limits a res . So this could cancel the benefit of a longer optical path length L.
In [13] a detailed characterization and analysis of the fiber background are given. The fiber background consists of spectral features caused by the multimode character of the fiber itself. It turned out to be the limiting factor for the sensor resolution in terms of absorbance a res . The multimode light propagation also results in a speckle pattern for the fiber far field [ Fig. 1(b) ]. It was found that the amplitude of fiber background is inversely proportional to ffiffiffiffi N p , with N being the number of speckle points integrated by the photodiode. When vibrating the fiber, the effective number of independent speckle points being collected by the photodiode increases, because the speckle pattern changes over time. According to experiments (Fig. 2) , the fiber background has a standard deviation of 8 × 10 −5 (absorbance) without vibration and 10 −5 with vibration, which is the absorbance resolution achievable with a conventional single-reflective cell [7] . Therefore, the improvement of sensitivity over conventional cells is expected to be linearly scaled with the enhancement factor of the optical path length [see Eq. (1)].
A 200 Hz vibration is employed to the fiber end used for incoupling with an optimized vibration amplitude (Δr in the several 100 μm range). It turned out, practically, that the smoothing effect of the vibration does not depend on the vibration frequency, as long as it is higher than the cutoff frequency of system filters, e.g., an analog low-pass filter and higher than the measurement rate. 200 Hz is therefore sufficient for a 10 Hz concentration measurement rate, and it can probably be chosen even lower. The fiber background and sensor baseline are very sensitive to the vibration amplitude, with its influence shown in Fig. 3 . If the vibration amplitude is too high (i.e., in the range of the inner diameter of the fiber), the coupled light intensity is fluctuating, too, because of inappropriate coupling conditions, which distort the measurement. If the vibration amplitude is too low, the spectral background is not improved, resulting in a unstable and inaccurate sensor baseline. The Allan plot [14] for the fiber sensor (3 m fiber length) is shown in Fig. 4 . A 180 parts in 10 9 (ppb) concentration resolution (1σ) was obtained for a 1 s averaging time. For comparison, the sensor with a single-reflective cell (using the same laser and photodiode, 40 cm optical path length) was also characterized and the expected performance of a 3 m single-reflective cell is extrapolated by scaling with the path length ratio (Fig. 4) . In contrast to the single-reflective cell, a drift of the fiber sensor is indicated by the increase of the Allan standard deviation σ Allan above 100 s. Therefore, the drift must be caused by the fiber itself or the mechanical vibration. The increase at 6 s in the Allan plot is an artifact of the signal evaluation depending on the sampling scheme and can be improved. The gas was supplied to the fiber with a regulated flow rate realized with a mass flow controller. Overpressures of <1 bar already realize gas exchange times significantly below 1 s. If high-speed gas exchange is desired, a certain pressure broadening of the spectral lines may have to be taken into account in the spectral evaluation. The sensor was tested by measuring the exhalation of a smoker (Fig. 5) . Cigarette smoke contains a high concentration of carbon monoxide, which is very easily taken up by the blood. The affinity of hemoglobin to carbon monoxide is approximately 200 times higher than to oxygen. Exhalation of a smoker was sampled into the fiber, where a CO concentration of 20 ppm is measured. For comparison, the exhalation of a nonsmoker contained a concentration of below 2 ppm in the exhalation. The result is also consistent with another study of over 100,000 people in the European Union [15] : carbon monoxide concentration in exhalation rises by 1-2 ppm per cigarette per day, whereas an average CO concentration of a nonsmoker is 2-3 ppm.
In this Letter, a low-volume and low-level optical carbon monoxide sensor (1σ: 180 ppb at 1 Hz) was developed. The utilization of a surface-emitting laser directly coupled to a hollow capillary fiber as the gas cell is proven to be a compact, sensitive, and cost-efficient gas sensing concept, which is demonstrated for the first time (to our knowledge).
By applying vibration to the fiber with a moderate frequency of 200 Hz and a low amplitude of several 100 μm, the fiber transmission function becomes smooth, so that absorbance on the order of 10 −5 is resolvable with the sensor, which is comparable to conventional cells. Compared to a single-reflective cell based sensor [7] , the fiber sensor has a 16-fold improvement in concentration resolution with a 30 times enhancement of the optical path length, while the needed sample volume is simultaneously lowered by several orders of magnitude to 1:3 ml. This clearly demonstrates the potential of laser spectroscopic hollow capillary fiber based sensors. An additional severalfold sensitivity improvement is expected by using longer fibers, which is no technical difficulty. 
